This paper describes a laboratory study of the effects of traffic loads applied during and after strengthening on the performance of a reinforced concrete (RC) 
INTRODUCTION
As a demonstration project, the Alabama Department of Transportation (ALDOT), along with Auburn University researchers, strengthened the War Memorial Bridge in Macon County, Alabama, with externally bonded fiberreinforced polymer (FRP) reinforcement in November 2001. Swenson and Barnes 1 describe the reinforced concrete bridge, which was constructed in 1945, and the design of the FRP strengthening system. The bridge is shown in Fig. 1 .
Prior to installation of the FRP, the manufacturer recommended that the bridge be closed for several hours during and after strengthening to allow the epoxy to cure. The bridge was not subjected to a high volume of traffic; however, potential detour routes were lengthy. Thus, ALDOT personnel decided that closing the bridge for any length of time would not be feasible. Instead, efforts were made to limit the effects of traffic loads during strengthening operations. This was achieved by diverting traffic away from the lane directly above the FRP installation each day. In addition, trucks were not allowed on the bridge on the days the interior girders were strengthened.
From ALDOT's point-of-view, strengthening of bridges with externally bonded FRP is an attractive method if it can be reliably used to strengthen bridges without an interruption of service. A literature review yielded little information on the effects that traffic loads during the epoxy-curing period have on the effectiveness of externally bonded FRP reinforcement. Because the FRP anchorage most likely controls the ultimate strength of the strengthened War Memorial Bridge, it was critical that the anchorage capacity of the FRP be examined under actual installation conditions. For this reason, a laboratory study was initiated to investigate the actual ultimate strength of the FRP-strengthened girders and whether the capacity is significantly affected by various regimens of traffic loading that might be experienced during strengthening operations. Complete details of the study are reported by Reed. 2 
RESEARCH SIGNIFICANCE
Much research has been conducted on the topic of FRP strengthening of structural concrete members. The attractiveness of FRP strengthening is greatly enhanced if bridges can remain open to traffic during installation. Very few investigations, however, have been performed on the effectiveness of externally bonded FRP when the strengthened structure is subjected to significant transient loads during epoxy curing. This paper describes an investigation of this topic. In addition, the results indicate that ACI 440.2R-02 3 design recommendations for computing the limiting FRP strain for flexural strengthening with externally bonded FRP can be unconservative for the materials used in this study.
BACKGROUND Previous research concerning effects of transient loads during strengthening
MacDonald 4 describes a study of single-lap shear steel specimens that were subjected to cyclic movements while the epoxy was curing. Each specimen was subjected to cycles, intended to be representative of highway traffic conditions, with a frequency of 1 Hz while the epoxy was curing and for several days afterwards. At least 500,000 cycles with a strain range of 50 microstrain were applied by full cure. Two different types of epoxy were used. For Type A epoxy, a reduction in strength between 7 and 31% with an average value of 16% resulted. There was no reduction in strength with Type B epoxy. Type A was described as "very much" stiffer than Type B.
Barnes and Mays 5 tested steel and carbon-fiber-reinforced polymer (CFRP) lap-joint specimens. Cyclic loading during curing caused a progressive reduction in strength with increasing strain levels. An 8% strength reduction resulted for steel joints subjected to 50 microstrain cycles. This value lies between the average reduction values for the two epoxy types studied by MacDonald. 4 Another test series in the Barnes and Mays 5 study included the bonding of a thin plate to an I-section steel beam. Load cycles at 2 Hz and varying levels of strain were applied to four-point bending specimens for 48 hours. The specimens were then tested to failure. The results indicated that although the strength of the plated beams decreased with increasing amplitude of cyclic strain during curing, there was an unexpected strength increase as compared with the noncycled specimens. The researchers theorized that this strength increase was due to the heat generated by the cyclic loading apparatus, which accelerated the curing of the adhesive.
A third investigation by Barnes and Mays 5 involved larger-scale concrete beams strengthened with bonded CFRP or steel plates. Load cycles at a frequency of 1 Hz and a strain range of 150 microstrain were imposed while the epoxy cured. The cycles were imposed for 48 hours, and the beams were tested to failure 7 days after strengthening. Each cyclically loaded beam failed at the same load as its respective control beam. Thus, the ultimate load capacity of these strengthened beams was not affected by vibration applied during curing of the epoxy.
ACI 440.2R design procedure to prevent debonding failure
According to the "Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures (ACI 440.2R-02):" 3 "...there are many different varieties of debonding failure that can govern the strength of an FRP-strengthened member..." and that "...more accurate methods of predicting debonding are still needed." Therefore, the ACI 440.2R design procedures limit the FRP strain levels "to conservatively account for debonding failure modes." The limiting effective FRP strain ε fe used to compute the nominal moment capacity of a strengthened member is defined in Section 9.2.1 of ACI 440.2R as being a function of only the axial stiffness of the FRP laminate per unit of bonded width. The expression prescribed to compute the limiting strain "is only based on a general recognized trend and on the experience of engineers practicing the design of bonded FRP systems."
EXPERIMENTAL PROGRAM Test specimens and instrumentation
Each of the eight specimens of the present study represented an approximate one-half scale model of the most designcritical girder of the War Memorial Bridge. The crosssectional dimensions and reinforcement details of the T-beam specimens are shown in Fig. 2 . To correct for self-weight scaling effects and therefore obtain dead-load stress conditions compatible with those in the actual bridge, the beam web was widened, and a superimposed dead load of 28 lb/ft (0.41 kN/m) was applied. To match the behavior of the design-critical bridge girder, steel reinforcement was proportioned to match the mechanical reinforcement ratio of the girder. Likewise, the amount of FRP was selected to match the FRP reinforcement ratio of the bridge girder. FRP tensile reinforcement consisted of a precured, unidirectional, carbon-fiber laminate strip with a width of 2 in. (51 mm) and a bonded length of 108 in. (2743 mm). The thickness of the FRP strip was a variable in the test program. The bonded length of the FRP was chosen to correspond to the location of the curtailment points on the actual bridge girder. These curtailment points were designed according to the anchorage model outlined by El-Mihilmy and Tedesco; 6 was measured by the researchers; the ultimate strength of the FRP and the epoxy modulus of elasticity were taken as reported by the manufacturer. All eight specimens were cast from the same batch of ready mixed concrete.
Beam instrumentation consisted of electrical resistance gauges for measuring steel reinforcement tension strains, FRP strains, and concrete surface compressive strains. Figure 4 indicates the locations of the strain gauges and displacement potentiometers. The two inner bars of the tension steel reinforcement were gauged at each instrumented cross section. These gauges were located at 18-in. (460-mm) intervals at cross sections where flexural cracking was expected (stirrup locations).
Surface-mounted strain gauges were used to measure concrete compressive strains. These gauges were placed along the longitudinal axis on the top surface of the flange. Each gauge was placed 12.75 in. (324 mm) on either side of midspan (within the maximum moment region). These were the closest locations to the load points that would not result in damage to the gauges. As indicated in Fig. 4 , surfacemounted strain gauges were used at 14 locations to measure FRP strains.
Specimen deformation was applied by means of a hydraulic actuator as a part of a closed-loop system. A builtin load cell was used to measure the applied force. Linear potentiometers were employed for measuring deflections. The deflections measured at the supports were averaged and subtracted from the midspan deflection to compensate for possible support deformations.
A high-speed data acquisition system and computer were used to process and store the test data collected from the strain gauges and potentiometers.
Test procedure
The testing procedure was the same for all the beams with a few exceptions. One beam was not strengthened, and two FRP-strengthened beams were not exposed to traffic load cycles during epoxy curing. Test variables included intensity of cyclic loads during strengthening, thickness of the epoxy layer t b , and FRP thickness t f . The values of each variable for each specimen are given in Table 2 .
So that the concrete strength would remain approximately constant during testing of all eight specimens, testing was delayed until 110 days after specimens were cast. To simulate actual in-service bridge conditions, the following steps were performed:
1. Loading the specimen to induce flexural cracking; 2. Applying pre-strengthening service load cycles; 3. Preparing the concrete substrate for strengthening;
4. Initiating traffic load cycles for FRP installation; 5. Applying primer epoxy to the concrete surface; 6. Applying tack-coat epoxy and bonding the FRP strip to the member; 7. Allowing epoxy to cure for 48 hours while undergoing traffic load cycles; 8. Stopping load cycles and bonding strain gauges to FRP; 9. Applying post-strengthening service load cycles; and 10. Loading member to failure. A detailed description of the procedure follows.
Cracking of specimens (Step 1)-To distribute flexural cracking throughout each specimen to an extent comparable to that of the War Memorial Bridge, a 14 kip (62 kN) load was applied monotonically and then removed. This load corresponds to approximately 70% of the capacity of the unstrengthened specimen. Flexural cracks were spaced at approximately 9 in. (230 mm) intervals. As anticipated, the cracks formed at sections coincident with stirrup locations. Thus, the steel strain gauges were successfully located at or very near flexural cracks.
Application of prestrengthening service load cycles (
Step 2)-To simulate years of traffic exposure, each specimen was exposed to 100,000 sine-wave cycles applied at a frequency of 1 Hz. The magnitude of the cycles was selected to induce a live-load stress range of 10.6 ksi (73 MPa) in the tension steel. According to live load test results from the War Memorial Bridge, this stress range approximately corresponds to the range caused by a legal-load-limit truck. To cause a reinforcement stress range of this magnitude an applied load of 5.6 kip (24.9 kN) was required. The applied load cycle consisted of a sine wave centered about 3.3 kip (14.7 kN) with an amplitude of 2.3 kip (10.2 kN). Because the War Memorial Bridge has a relatively low traffic volume, it is estimated that 100,000 cycles of this magnitude are more than the bridge would experience over 10 years of service.
Concrete substrate surface preparation (Step 3)-According to ACI 440.2R, localized out-of-plane variations, including form lines, should not exceed 1/32 in. (1 mm). Any voids should be filled with epoxy and all laitance, dust, dirt, oil, curing compound, existing coatings, and any other matter that could interfere with the bond between the FRP and the concrete should be removed. 3 Because the test specimens were cast and cured in a laboratory environment, the amount of contaminants on the surface was minimal. Form lines on the surface of the beams were removed using a grinding stone. On Beam B5, a small patch of honeycombing was filled using the same epoxy used to bond the FRP. Laitance and form oil were removed by applying isopropyl alcohol and scrubbing the surface with a stiff-bristled brush. This procedure was then repeated with a neutralizing agent. The surface was then allowed to dry.
Application of cycles during epoxy cure (Steps 4 to 7)-To investigate the effects of leaving a bridge open to traffic during FRP installation, five of the test beams were exposed to load cycles during strengthening and the epoxy-curing period. The cycles were continued for 48 hours after installation of the FRP. Three different levels of traffic cycles were simulated. The relative intensities and frequencies of the three cycle types-labeled "low," "medium," and "high"-are depicted in Fig. 5 . The same amount of time elapsed between FRP installation and ultimate strength testing for all of the strengthened specimens regardless of whether they were subjected to load cycles during the epoxycuring period.
The "low" intensity cycles were selected to represent the truck loads experienced during actual strengthening operations for the War Memorial Bridge. Because traffic was diverted away from the lane above the exterior girder being strengthened, the peak intensity of each cycle was approximately half of that used in the pre-strengthening cycles. This cycle was targeted to induce a live-load stress range in the steel tension reinforcement of 4.8 ksi (33 MPa). Although this level of loading is denoted "low" for the purposes of this study, it was characterized by strains at the epoxy-concrete interface that exceeded those of the Barnes and Mays 5 concrete beam specimens discussed previously. The return period of each load event was 5 minutes (300 seconds).
The "medium" intensity cycle consisted of the same wave used in the "low" cycles, but the frequency of occurrence was increased to one per minute. Also, every fifth loading was approximately twice as intense and was selected to induce a live-load stress range in the steel reinforcement of 10.6 ksi (73 MPa). This loading regimen was developed to represent a series of lighter vehicles interspersed with occasional heavy vehicles traveling over the War Memorial Bridge with no traffic mitigation measures in place.
The "high" intensity cycle resulted from increasing the frequency of the "medium" cycle by a factor of 20. Thus, the lower magnitude event (4.8 ksi) occurred every 3 seconds, and the large magnitude event (10.6 ksi) occurred every 15 seconds. This "high" intensity load pattern, which featured more than 5700 heavy truck events and 23,000 lighter events per day, was selected to represent a hypothetical bridge with a high volume of traffic.
FRP installation (Steps 5 and 6)-Except for the two specimens with a thicker bond layer, the FRP reinforcement was installed according to manufacturer recommendations. The first step of the FRP installation process was the coating of the beam soffit with a saturant epoxy that served as a primer. This was done to fill small voids in the concrete and give a smooth surface for the application of the FRP. The epoxy was applied evenly to the surface of the concrete using a paint roller.
Once the primer became tacky, a thicker tack-coat epoxy was used to bond the FRP to the concrete. First, the FRP strip was cleaned using a lint-free rag saturated with methyl ethyl ketone (MEK). The tack-coat epoxy was then mixed and spread over the FRP strip and the surface of the beam.
As mentioned previously, one of the variables investigated in this study was thickness of the bond layer. Five of the strengthened beams were installed as directed by the FRP manufacturer. To apply the epoxy to the FRP, a taping knife with a v-notch was used. The v-notch was sized so that the knife could be dragged over the FRP strip leaving a volume of epoxy with a triangular cross section. The fresh epoxy had a thickness of 0.125 in. (3.2 mm) along the centerline of the FRP and zero along the edges. On the surface of the concrete, a trowel with multiple v-notches was used. The notches in the trowel were 0.125 in. (3.2 mm) deep. This allowed a uniform epoxy depth to be applied to the concrete surface. For the specimens with a thicker bond layer, the same procedure was used except that glass beads with a diameter within the range 0.079 to 0.091 in. (2.0 to 2.3 mm) were sprinkled into the epoxy prior to bonding the FRP strip to the beam. These glass beads were introduced to ensure that the desired epoxy thickness was obtained.
Once the tack-coat epoxy became tacky, the FRP strip was positioned on alignment marks on the underside of the beam. The strip was pressed onto the beam by means of a J-roller. This allowed excess epoxy to be squeezed out, produced a uniform epoxy thickness, and removed all voids. Excess epoxy was then removed, and the outer FRP surface was wiped clean with a rag saturated with MEK. The final measured epoxy thickness (bond layer thickness t b ) for each specimen is given in Table 2 .
Prior to the beginning of the experimental program, small flexural test specimens were used to determine the necessary curing time of the epoxy under laboratory conditions. From these tests, it was determined that the epoxy was fully effective after curing for 48 hours at room temperature. Therefore, the epoxy on the beam specimens was allowed to cure for 2 days. Five of the strengthened beams were exposed to load cycles during this 48-hour period-two were not.
FRP instrumentation and post-strengthening cycles (Steps 8 and 9)-At the conclusion of the 48-hour curing period, the load cycles were stopped so that the FRP strain gauges could be bonded reliably. A constant load of 0.5 kip (2.2 kN) was maintained on the beams at this time. The beams were held at this load for 24 hours to allow the strain gauge adhesive to cure. Except where closely spaced at each end of the FRP strip, strain gauges were bonded to the FRP directly beneath flexural cracks. Data were recorded and compared for load cycles applied immediately before and after this 24-hour holding period to verify that there was no apparent stiffness gain in the system.
To simulate years of service after strengthening, an additional 20,000 load cycles were then applied to each specimen. The cycles were of the same frequency, magnitude, and shape as those used to represent prestrengthening load cycles (Step 2). Once these cycles were completed, the specimens were loaded to determine their behavior and ultimate strength.
Loading to failure ( Step 10)-The beam specimens were loaded monotonically in selected load increments until the reinforcing steel yielded; further loading was applied in displacement increments until failure. Except for the unstrengthened specimen, load increments were used up to an applied load of 22 kip (97.9 kN), where reinforcement yielding was evident from the load-deflection behavior. At yielding of the tension steel reinforcement, the midspan displacement ranged between 0.4 and 0.5 in. (10.2 and 12.7 mm). After yielding of the tension steel reinforcement, the strengthened beams were loaded until midspan displacements of 0.65 and 0.9 in. (16.5 and 22.9 mm), respectively, were reached. The subsequent displacement increment resulted in failure of all the strengthened beams due to complete loss of FRP anchorage on one end of each strip.
RESULTS
A summary of the test results for the eight flexural ultimate strength tests are listed in Table 2 . The FRP-strengthened specimens are subdivided into three series:
1. Four specimens (B1, B2, B3, and B4) with "thin" epoxy and an FRP thickness of 0.055 in. The relative term "thin" describes the epoxy thickness resulting from FRP installation according to manufacturerrecommended procedures. Average measured epoxy thicknesses for these five specimens ranged from 0.05 to 0.07 in. (1.3 to 1.8 mm). "Thick" epoxy was obtained by using glass beads as explained previously. Measured epoxy thicknesses for these two specimens ranged from 0.09 to 0.10 in. (2.3 to 2.5 mm). Figure 6 depicts the measured load versus midspan displacement response for the unstrengthened specimen and the first series of strengthened specimens (those with 0.055 in. 
Behavior of unstrengthened specimen

Behavior of FRP-strengthened specimens
All of the strengthened specimens failed upon separation between the FRP strip and the concrete beam. Except for a few small areas, a thin layer of surface concrete remained bonded to the FRP strip after debonding as shown in Fig. 7 . Thus, the failure actually occurred within the concrete and not at the adhesive interface. Because the entire cover layer did not separate from the beam, however, this type of failure is referred to in this paper as "FRP debonding" instead of "cover delamination." In all cases, debonding of the FRP initiated beneath one of the load points and eventually propagated to the end of the strip. Figure 8 is a plot of the measured FRP strains along the length of a typical strengthened specimen (B4). Each series represents the FRP strains at a particular value of applied load and is labeled according to the fraction of the maximum load P max applied to the strengthened beam prior to failure. All of the FRP strain gauges within 45 in. (1140 mm) of midspan were located at cross sections with flexural cracks.
For Specimen B4, steel strain measurements indicate that the steel reinforcement first yielded at the +18 in. (+460 mm) cross section (beneath one load point) at an applied load of 0.89P max . The steel at the midspan section yielded shortly thereafter. Once the steel yields at a cross section, the FRP must resist most of the tension force that develops due to the additional moment applied to that section. Accordingly, it can be seen that the FRP strains at these two sections increased rapidly for the next relatively small load increment shown (0.95P max ). The steel yielded at the -18 in. (-460 mm) cross section (beneath the other load point) at an applied load of 0.96P max . For a small increment beyond this load, the FRP strain at this section began to increase rapidly as well.
Beyond the 0.96P max load level, the FRP strain at midspan began to decrease slightly as the load increased to 0.97P max . The test was paused briefly at this load level, which corresponded to a midspan displacement of 0.9 in. (22.9 mm). Local FRP debonding like that shown in Fig. 9 could be seen extending from the cracked sections at midspan and beneath the load points.
As the load increased from 0.97P max to P max , the FRP strains in the maximum moment region continued to increase. Once this peak load was reached, however, further displacement of the beam (approximately 0.10 in. [2.5 mm] for this specimen) resulted in constant or decreasing FRP strains in this region accompanied by sharply increasing FRP strains extending out toward one end of the strip (negative direction on Fig. 8 ). This indicates that once the locally debonded lengths coalesced between the cracked sections near the load points, debonding quickly propagated to one end of the FRP. Less than 0.5 s after the final strains shown in Fig. 8 were recorded, the FRP strip debonded completely along a length that included the entire maximum moment region and extended to one end of the strip. The total peak moment corresponding to this anchorage failure of the FRP was taken as the experimental moment capacity M n,exp of the strengthened specimen. After the FRP debonding occurred, the behavior of the strengthened specimens closely matched the behavior of the unstrengthened specimen.
The ductility of the specimens was greatly affected by the introduction of the FRP. This is apparent from a comparison of the member ductility indexes of the eight specimens listed in Table 2 . The member ductility index was calculated as the ratio of the midspan deflection at failure to the midspan deflection at yielding of the reinforcing steel. The ductility index of the unstrengthened beam actually exceeded the value tabulated because this test was terminated prior to the loss of load-carrying capacity. The ductility index of the unstrengthened beam was approximately 10 times that of the strengthened specimens.
The yield moment M y,exp and deflection ∆ y,exp listed in Table 2 were obtained by inspection of the load versus deflection curves. The limiting FRP strain ε fe,exp corresponds to the largest FRP strain measured just prior to failure.
Effect of load cycles during epoxy curing (specimens with thin epoxy and FRP thickness of 0.055 in. [1.4 mm])
Four specimens, B1 to B4, were tested that had an FRP thickness of 0.055 in. (1.4 mm) and an epoxy thickness that was achieved by following the manufacturer's installation instructions. These specimens were designed to represent the actual amount of FRP strengthening provided on the War Memorial Bridge. The four specimens differed only with respect to the intensity of load cycles applied during strengthening. The load-displacement behavior for these specimens is compared in Fig. 6 .
By comparing the behavior of the specimens (B2-B4) that were exposed to load cycles during strengthening to the behavior of the strengthened specimen (B1) that was not, it is apparent that load cycles did not cause a reduction in the effectiveness of the FRP strengthening. On the contrary, each of the low-and high-intensity cycle specimens was actually slightly stronger (within 4%) as compared with the uncycled specimen. No trend linked the ultimate strength of the beams to the intensity of the load cycles. Likewise, each specimen that was exposed to cycles during strengthening had a larger strain in the FRP at failure ε fe,exp than the uncycled specimen. The increase in failure strain was 16, 12, and 22% for the beams subjected to low-, medium-, and high-intensity cycles, respectively.
Although the ultimate strengths of the cycled specimens were not significantly larger than those of the uncycled specimen, the cycled specimens all reached a larger deflection prior to failure. The increase of deflection at failure ranged from 8 to 10%. This is most likely attributable to the fact that the FRP for these three specimens was able to sustain larger strains in the maximum moment region prior to debonding.
As opposed to the study of Barnes and Mays 5 discussed previously, there was no significant difference in the ambient temperature during epoxy curing for the beam specimens in this study. The laboratory was air-conditioned, and the hydraulic pump was located in a separate enclosure. Therefore, the slight increase in strength of the cycled specimens cannot be attributed to temperature variations. The results of this test series indicate that keeping the War Memorial Bridge open to traffic during and after FRP installation did not reduce the effectiveness of the strengthening.
Effect of epoxy thickness (specimens with thick epoxy and FRP thickness of 0.055 in. [1.4 mm])
It has been suggested by Harmon et al. 7 that the decreased bond layer shear stiffness resulting from the use of a thicker epoxy layer can increase the force resisted by the FRP prior to debonding. Specimens B5 and B6, with an intentionally thickened layer of epoxy, were tested. The load-displacement response of these two specimens is compared with that of the corresponding thin-epoxy specimens in Fig. 10 . To bracket the two extremes of load cycles, Speciman B6 was not subjected to load cycles during strengthening, whereas Specimen B5 was exposed to the "high" intensity cycles.
Contrary to the results of the previous series, the specimen (B5) exposed to cycles during epoxy cure achieved a slightly lower ultimate strength than the specimen (B6) not subjected to cycles. The strain in the FRP at failure was also lower for the specimen subjected to cycles. These small variations, however, are within the amount of variation that might be expected for a comparison set of only two specimens.
For the measured bond layer thickness values reported in Table 1 , the model introduced by Harmon et al. 7 gives 6 to 9% larger FRP tensile forces at failure for the thicker epoxy specimens (B5 and B6) than for the companion specimens (B4 and B1). The measured moment capacity increase due to strengthening (∆M n,exp in Table 3 ) for B6 was 13% larger than for Specimen B1, and the maximum measured FRP strain increased by 28%. When the two specimens (B5 and B4) subjected to the high level of load cycle intensity are compared, however, ∆M n,exp for the thicker epoxy specimen (B5) is 17% less than for Specimen B4. The maximum measured FRP strain for Specimen B5 is 4% less than for Specimen B6. Because of the limited range of epoxy thicknesses tested and the small number of specimens, no conclusion can be reached regarding the effect of epoxy layer thickness. The final specimen, B7, was strengthened with an FRP strip with a thickness of 0.075 in. (1.9 mm). Its loaddisplacement behavior is compared with that of the companion 0.055-in. (1.4-mm) FRP specimen (B4) in Fig. 11 . The FRP was installed according to the manufacturer recommendations, so the epoxy was classified as "thin." The beam was exposed to the high intensity load cycles during the epoxy-curing period. The specimen failed at a moment approximately 3% greater than that of the companion specimen (B4). The maximum measured FRP strain in the specimen with thicker FRP was 88% of that measured in B4. However, when considering the increased cross-sectional area of the FRP strip, the total FRP force developed in the thicker FRP prior to debonding was 120% of that developed in the thinner FRP. This increase is in agreement with the 20% increase in FRP force predicted using the model for this type of failure from Harmon et al. 7 , in which the capacity is proportional to the square root of the FRP thickness.
It should be noted that the use of thicker FRP currently results in one or two penalties to the designer. First, analysis using the limiting effective FRP strain of ACI 440.2R-02 3 yields no increase in strength for a thicker FRP strip relative to a thinner FRP strip of the same width. Second, the reduction in limiting FRP strain attainable with the thicker FRP strip also reduces the strain in the reinforcing steel at failure. In the most recent ACI 318 8 and ACI 440.2R design recommendations, the design strength reduction factor is a function of the tensile strain in the reinforcing steel. Thus, depending on the magnitude of the net tensile strain in the reinforcing steel, a further reduction in the design strength may result when a thicker FRP strip is used.
In contrast with the prediction of the ACI 440.2R method, the total amount of force resisted by the thicker FRP in this study was larger relative to the force resisted by the thinner FRP. Increasing the FRP thickness, however, proved inefficient-a 36% increase in the FRP area resulted in only a 20% increase in the FRP force at failure. Without a comparison specimen not subjected to load cycles, it is impossible to draw a definite conclusion regarding the effect of load cycles on beams strengthened with the thicker FRP. This specimen, however, appears to have performed at least as well as the comparable specimen with thinner FRP bonded over the same contact area.
Limiting effective FRP strain
As discussed previously, the ACI 440. The FRP strains never reached the failure level predicted by the current ACI 440.2R method. The experimental values ranged from 58 to 74% of the predicted value for an FRP thickness of 0.055 in. (1.4 mm) . The experimental value for Specimen B7 was 84% of the predicted value for an FRP thickness of 0.075 in (1.9 mm).
The ramifications of the ACI 440.2R overestimation of the limiting effective FRP strain may be seen in Table 3 . The measured moment capacity M n,exp of the unstrengthened specimen was 4% larger than the predicted capacity M n,ACI ; therefore, the measured increase in moment capacity due to FRP strengthening ∆M n,exp is compared with the increase in moment capacity predicted by applying the ACI 440.2R recommendations ∆M n,ACI . The value ∆M n,ACI was 5 to 29% larger than ∆M n,exp for the six specimens strengthened with a 0.055 in. (1.4 mm) strip. Only the 0.075 in. (1.6 mm) FRP specimen exhibited a strength increase larger than the value predicted according to the ACI 440.2R recommendations. Thus, the ACI 440.2R procedure for predicting the debonding strain can be unconservative for the type of FRP strengthening system used in this study.
The progression of FRP strains depicted in Fig. 8 and described above indicates that the prescription of a limiting FRP strain may still be a valid approach to preclude the type of progressive debonding failure experienced in this study. Because the actual failure occurred within the concrete, however, it is reasonable to expect that the achievable FRP strain be limited by the mechanical properties (stiffness, tensile strength, and/or fracture energy) of the concrete as well as the stiffness of the FRP system.
CONCLUSIONS
The results of the experimental study support the following primary conclusions:
1. Concrete bridges can be strengthened effectively with FRP even if they remain open to traffic during strengthening; and 2. The current ACI 440.2R 3 design recommendation for computing the limiting effective FRP strain resulted in unconservative predictions of capacity increase for six of the seven beams strengthened with externally bonded, precured, unidirectional laminate strips.
Although these results support the first conclusion for the specific materials used in this study, it is possible that traffic loads may adversely affect other types of FRP or adhesives. Nonetheless, the fact that at least some of these systems can be installed without closing bridges to traffic significantly increases the attractiveness of FRP as a strengthening alternative. Further research is required to establish a performance specification for FRP systems that would ensure adequate behavior under these conditions. Ideally, such a performance specification would require only inexpensive, small-scale materials testing to verify compliance.
The second conclusion should not be taken as a condemnation of the entire ACI 440.2R design procedure. The portion of the procedure devoted to determining the FRP debonding strain, however, resulted in an overestimation of the actual amount of strengthening achieved in all but one of the specimens in this study, regardless of whether or not load cycles were applied during strengthening. As stated in Section 9.2.1 of ACI 440.2R 3 : "Further research into the mechanics of bond of FRP flexural reinforcement should result in more accurate methods for predicting delamination."
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NOTATION
E a
= modulus of elasticity of adhesive E c = modulus of elasticity of concrete E f = modulus of elasticity of FRP 
